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ABSTRACT 
The  number of  terramycin-resistant mutants  in  Bacillus  megatherium  cultures, 
their mutation rate, and the growth rate of the wild and mutant cells have been de- 
termined under various conditions.  These values are in agreement with the follow- 
ing equations (Northrop and Kunits, 1957):-- 
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k  -  mutation rate, A  =  growth rate constant of wild cells, 
B  --  growth rate constant of mutants,  M  --  ratio  at 
eq 
equilibrium. The value of the mutation rate as determined from equation (6) agrees 
with that found by the null fraction method. 
INTRODUCTION 
In a  previous paper (Northrop,  1957),  it was shown that  the  terramycin- 
resistant  cells present  in  cultures  of megatkeriura  899a  were mutants  of  the 
wild  cells and did  not  appear as a  result  of adaptation. 
In the present paper the proportion of these mutants has been determined 
under  a  variety of conditions,  and found to agree quite  well with  the  equa- 
tions derived in the preceding paper (Northrop and Kunitz,  1957)  to express 
the growth of mutants in bacterial cultures under varying conditions. 
Experimental  Test  of Equations  (3 a),  (4 a),  (6),  and  (8). 
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Equations (3 a) and (4 a) contain three constants (A, B, and X) and agree- 
ment between observed and calculated values would mean little were it not 
for the fact that the constants may be determined from independent experi- 
ments (cf.  Experimental Procedure), The mutation frequency rate constant, 
X  ("mutation  rate"),  may  be  determined  by  equation  (6)  and  also  by 
Lederberg's (1951) null fraction method. A  is the observed growth rate con- 
stant of the  culture. B  is the growth rate  constant of the mutant.  A  --  B 
TABLE I 
Values of Mutation Rate and Growth Constants as Ddermined by Different Methods 
2~A 
Constant ....  X  ~,  A--B 
From 
Method of  Null  h ffi  M/W 
determln~tion ........  fraction  A --BfM~  at equtlibrium 
~A  ~ W/eq 
Ter- 
Strain  Culture  ra- 
medium  mycin 
7/ml. 
899a  ~  0  (0.5  to 4) 
X  10-t 
~1  X  I0  -j 
(1 to 15) 
X  10  -~ 
I  X  :lo~  ('~ to 30) X  10-7. 
tubes 
(2 ~  0.2)  X  10~ 
in steady state 
apparatus 
2X10~ 
3.10 
3.10 
3-10 
10 
3  X  10-*  (1 to 10) ×  10-'5 
3 X  I0-*  I X  10"* 
1  r 
q  A  B 
0.1 
0.2 
0.3 
0.5 
1.0 
899a  ASCM 
SP  YEP 
From growth curves 
2 hr. -z 
tubes 
?.3 steady 
state ap- 
parattm 
2.0 
1.7 
1.1 
0.9 
0 
0.9 
1.4 
1.Stu~s 
1.8 
1.8 
1.6 
1.5 
1.5 
0.7 
1.3 
A--B 
Separate 
deter- 
mlnation 
0.2  4- 0.05 
0.2 
--0.t 
--0.5 
--0.6 
--1.5 
0.2 
0.1 
A--B 
ffi  ~  log 
(wu,~ 
Wo~l  / 
0.18  4-  0.05 
0.2 
--0.08 
--0.34 
--0.53 
--1.5 
0.2 
0.06 
* Ratios of (I0 to 30)  X  10  -7 were obtained at times for several days. The ratio then returned to the usual figure of 
about 2  X  10-L 
The results in ASCM are somewhat irregular, but the equilibrium ratio is always lower than that in YEP. 
may be determined from equation  (6)  or  (8),  or by direct measurement of 
A  andB. 
Wo  and  Mo,  the  number  of  wild  and  mutant  cells  present  initially, 
are known by direct determination. 
The agreement between values of (.4  -  B) and of X, determined in different 
ways, is probably the best test of the assumptions used to derive the equa- 
tions. 
The results of a series of experiments in which (A  --  B) and X were deter- 
mined in various ways for several B. megatherium  strains is shown in Table 
I. Considering the fact that these values were obtained by different methods 
from separate  experiments done at  different times,  they may be considered 
in satisfactory agreement. JOIIN  H.  NORTHROP  133 
The results show that  changes in the equilibrium value of the proportion 
of mutants  in  the  various  strains  or  in  the  same  strain  in  various  culture 
media may be due to changes in the mutation rate or the growth rate of either 
the  wild  or  mutant  cells.  B.  rnegatherium growing  in  YEP  has  an  average 
equilibrium  value  for  terramycin,resistant  colonies  per  cell  (M/W)  of 
2  X  10-  7.  The  addition  of varying  concentrations  of  terramycin causes  a 
gradual decrease in the growth rate of the sensitive cells,  but has little effect 
on the growth rate of the resistant  cells.  As soon as the growth rate of the 
sensitive cells is reduced to that of the mutant cells,  the latter tend to over- 
grow the culture. The values of (A  --  B)  calculated from the change in the 
ratio of M/W  (Equation 8)  agree quite well with the observed difference in 
the growth rates. 
The SP  strain in YEP has a  much higher equilibrium value for the ratio 
of M/W than does 899a. This is due to a  higher mutation rate and a  smaller 
difference between A  and B  than is the case with 899a. 
Calculations of the Mutants Present at  Various Times 
Equations  (3  a)  and  (4  a)  may be  tested by determining the number of 
mutants present in varying time intervals during  the growth of the culture 
and comparing this with the calculated value. 
In using these equations, it must be remembered that they are valid only 
for large numbers of cells and that no prediction can be made for the time 
of appearance of a single mutant cell. For this reason it is not possible to use 
the equations until several M's, at least, are present in the sample; after this, 
the equation should hold. The number of M's present at the beginning, how- 
ever, cannot be predicted for a  single culture, since this is a question of prob- 
ability. In the present case, for instance, a  sample containing 5  X  10' cells 
may contain one mutant cell (although the chances are 100/1  against it). If 
it does contain such a  cell, the ratio M/W is 2 X  10  -5, or one hundred times 
the  equilibrium ratio.  In  this  case  the  ratio M/W  will  decrease with  time. 
The other extreme would be a  culture in which no M's appeared until after 
the total ceil concentration reached 1  X  10". 
Fig.  1 represents the results of an experiment in which 899a was grown in 
YEP at 32  °. In this experiment it happened that an average of 1 terramycin- 
resistant colony/ml, was present at the time the first sample was taken. 
The results of several experiments in which a  culture of 899a in  YEP was 
kept in logarithmic growth by repeated dilution are shown  in Figs.  2  to 5. 
The number of M's  (terramycin-resistant colonies)  present  at  the  time  the 
culture contained 1 X  10  s cells/ml. (1  X  109 total) varies, as is to be expected, 
but  the  change  in  the  ratio  M/W  after  this  is  in  fairly  good  agreement 
with equation (4 a). The values of (A  --  B) and of k  are the same, or nearly 
so, as the values determined by independent measurements (of. Table I). 
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a  concentration of 2  X  10  s cells with a  constant flow of  YEP  at a  washout 
rate  (Northrop,  1954)  of 0.5  hr. 1 is shown  in Fig. 6.  Under  these conditions 
the equilibrium ratio of M/W  increases to  150  X  10  -8. This is the result of 
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FIG. i. Wild cells and mutant  (terramycin-resistant) colonies/milliliter in a  cul- 
ture of 899a in logarithmic growth in YEP at 32  °. Suspension of 899 a  growing at a 
rate of 2/hour diluted to 1 X  10  a B/ml. in YEP. 
10 ml. in 10 tubes. Shaken at 32 °. 
Sample: 0.5 ml. from each tube mixed and  1 ml. plated on YEP  agar for total 
colonies and 4  X  1 ml. plated on 3 "r terramycin/ml, agar. 
The value of W is calculated from W  =  W0¢  at. M  is calculated from equation (3a). 
X  =  2.5  ×  10  --s,A  =  1.95, B  =  1.75, Wo-- 1  X  10  a. 
A 
an increase in~------/~ from 10 to 25. Equilibrium is reached much more slowly 
owing to the decrease of A  --  B  from 0.2  to 0.02. 
The results in general show that the proportion of terramycin-resistant mu- 
1 Under these conditions the growth rate automaticaIly adjusts itself to the wash- 
out rate (cf. Novick and Szilard, 1951).  This can  occur only if the washout rate is 
less than the maximum growth rate in  the culture medium. If the washout rate is 
greater than  the maximum  growth rate, then  the  cells will be washed out of the 
growth tube. JOHN  H,  NORTHROP  135 
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FIGS. 2 to 5. Ratio of M/W in 899 a growing in YEP at 35  ° 
Logarithmic growth 899 a  diluted to  1  X  103 B/ml.  10 ml. in test tube.  Shaken 
at 35  ° until B/ml.  =  1  ×  l0  s. 6  X  1 ml. plated on 3 ~' terramycin/ml, agar. 3 ml. 
added to 7 ml. YEP and shaken at 35  °. Dilution 3/10 repeated every 0.6 hour and 
plated for terramycin resistant colonies  as noted. W  determined by turbidity. The 
size of the circle s represents approximately the average deviation of the mean of the 
colony counts. M/W calculated byequation (4 a). Fig. 5 shows results of 2 experiments. 
Fig. No. 
2 
3 
4 
5 
0.7  X  10  -8 
1.25  X  10- 8 
0.7  X  10-  8 
1.0  X  10  -8 
2.0 
2.0 
2.0 
2.0 
1.8 
1.8 
1.8 
1.8 
Mo/Wo 
1  ×  10  "s 
30 X  10-  s 
2 ×  10  -s 
4 ×  10  -8 
rants in a  growing population of B. megatherium soon becomes constant and 
is expressed by the equation 
= 
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The mutants,  therefore, grow more slowly than the wild type. This must be 
the condition in bacterial cultures in general, since if B  >  A, every new mu- 
tant would overgrow the culture and the population of a  culture would vary 
in succeeding cycles. Bacterial cultures,  however, are extremely stable when 
grown under  the same conditions,  as, for instance,  pathogens in  their hosts. 
If growth conditions are changed, however, some mutant present in  the cul- 
ture may grow as well as or better than  the parent strain and  this mutant 
will then overgrow the culture. In the present case this is what happens when 
terramycin is added to the culture. 
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FIG. 6. Terramycin-resistant mutants per milliliter in culture of 899 a growing in 
the steady state apparatus at a constant rate of 0.5 hour  -~, and constant cell concen- 
tration of (2  X  l0  s)/ml. 
M0  20  M 
A  =0.5,  W0  =2×IOS,  X  =  3X  10  ~,A  -  B  =  0.02, W0  2  XIos'W0Cal- 
culated by equation (4 a). 
This is the  result  shown  in  Fig.  7.  In  this  experiment various concentra- 
tions  of terramycin were added  to  a  series of suspensions  of 899a  in  YEP. 
The cultures were kept in continuous logarithmic growth by repeated dilution 
and the number of terramycin-resistant colonies determined at intervals. The 
increase  in  the  ratio  of  terramycin-resistant  colonies/W  agrees  quite  well 
with the values calculated  by equation  (4 a). The values of A  --  B  used in 
the  calculation  of  the  curves  also  agree  quite  well  with  those  obtained  by 
direct measurement of A  and B. 
Experimental Procedure 
Preparation of culture media, colony counts, etc., were  carried  out as described 
in a  previous paper (Northrop,  1957). The  SP  strain was isolated from a  culture 
adapted to ammonium sulfate (Northrop and Murphy, 1956). 
Since,  with this organism, the chain count  =  the colony count, and the ehains 
have an average of 3 cells, ceUs/ml.  =  3  ×  colonies/ml. (Northrop, 1953). 
In the case of resistant colonies, this calculation cannot be used, since presumably 
only one cell in the chain need be resistant to give rise  to a  resistant colony.  For 
this reason the ratio M/W is expressed as colonies/cell. JO~N a.  NORruaOP  137 
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FzG. 7. Ratio of M/W for 899 a in YEP +  terramycin at 35  ° 
899 a in 10 ml. YEP  +  terramycin noted. Grown up to (100  X  108)B/ml. at 35  °. 
Plated for terramycin-resistant colonies.  Diluted to  (5  X  106)B/ml. Grown up and 
plated  as  above.  Repeated.  W  by turbidity. A  from  these  figures.  B  determined 
from growth rate of terramycin-resistant strain obtained from overgrowth in 1.0 ~/ 
terramycin/ml. The ratio Mo/W6 is higher than usual in this series  of experiments. 
M/W calculated by equation (4 a). 
Terramycin 
concentration 
-y/m/  ........  0  0.1  0.2  0.3  0.5  1.0 
X 
Mo/Wo 
A 
B 
A-B by dif- 
ference 
A-B used to 
calculate 
curves 
1 X  10  -s 
100 X  10  --s 
1.7 
1.7 
0 
0.05 
1  X  10  "s 
100 X  10  "s 
1.7 
1.7 
0 
0.05 
1 X  10  -s 
100 X  10  -s 
1.5 
1.6 
-0.1 
--0.08 
1 X  10  -s 
100 X  10  -s 
1.1 
1.6 
-0.5 
-0.34 
1  X  10  -8 
100 X  10  -s 
0.9 
1.5 
-0.6 
-0.53 
0 
1.5 
-1.5 
-1.5 
The fact that this organism grows in chains introduces a source of error in colony 
counts of suspensions containing very few chains/milliliter. One plate from a  series 
of  replicates of  such dilute suspensions occasionally has  10 or more colonies  while 
all other plates have 1 or 2. This is far outside the sampling or plating error and is 
probably due to the fact that a  chain in this abnormal sample has broken up while 
the sample was being mixed with the agar and spread on the plate. 138  TERRAMYCIN-RESISTANT MUTANTS 
Determination of X from Equation  (~.-- 
This is the most accurate method of determining the mutation rate. 
A, the growth rate constant of the culture as a  whole,  is determined from A  = 
1  W 
In W0 by turbidity measurements. B  may be determined in the  same way,  if  a 
pure culture of mutants is available. 
If  A  -  B  is small compared to A, then it must be determined by equation (8). 
The equilibrium ratio M/W  is determined as described below. 
Determination of A  -  B from Equation  (8).- 
The determination is carried out as follows:  A mixture of M  and W  is prepared 
so that M/W  is 10 times or more the equilibrium value. The culture is shaken at 35  ° 
until logarithmic growth  is  established and  the  total  cell  concentration is  about 
5  X  107/ml.  1 ml. of the suspension is plated for mutants on 3 3' terramycin agar. 
An aliquot of the suspension is diluted 1 ×  10--4  and shaken at 35  ° until the cell con- 
centration is again about 5  X  107. It is again plated for mutants and diluted as be- 
fore. If A  -  B is very small, the cycle may be repeated until a change in ratio occurs. 
If the experiment is carried out in the steady state apparatus, W is kept constant 
automatically and it is only necessary to determine M  at various time intervals. 
This is the most accurate method of determining A  -  B. However, it includes 
the assumption that A  and B are independent of the ratio of M/W. This is true in 
the case of the terramycin-resistant  mutants in 899 a, but may not be true in general. 
Determination of Equilibrium Ratio  W  eq  =  A  -  B  " 
In order to determine this equilibrium ratio, the culture must be kept in logarith- 
mic growth until no further change in ratio occurs.  If A  -  B is small, this may re- 
quire many hours and the culture may stop growing before the final ratio is reached. 
The best method is to maintain the logarithmic growth by some automatic device. 
The culture can be maintained in logarithmic growth by repeated dilution also, but 
it is necessary for the present purpose to use an inoculum large enough to insure the 
inclusion of  several mutant cells.  If no mutant cells  are  included, then the  cycle 
will start again from the beginning at each transfer and the equilibrinm ratio may 
never be attained. In the case  of 899 a, for instance, there is usually one mutant 
to about 5  ×  106 wild cells. In order to be sure that some mutant cells are carried 
along, therefore, at least 5  ×  107 cells should be transferred to the new culture. 
Determination of M/W  at Various Times.-- 
In order to carry out these experiments it is necessary to start with a suspension 
of pure wild, or at any rate, one which differs  in the ratio of M/W  from the equi- 
librium value. Otherwise all determinations will simply result in the equilibrium ratio 
of M/W. Such a suspension may be obtained by dilution of a suspension in the equi- 
M 
librinm state. In the case of 899 a in YEP, for instance, the equilibrium ratio ~  = 
1 
If a  sample of such a  suspension containing 1  X  104 cells is taken, the  5  ×  106. JOHN  H. NOR~ROP  139 
chances are 1/500 that the sample will contain a  mutant cell. (Mathematically the 
number of mutants in the sample is 0.002  and the ratio M/W  is exactly the same as 
in the original suspension. Since M  is a  cell, however, any value less than 1 must be 
taken as 0.) If such a sample of wild ceils is allowed to grow up, M's will appear and 
can be determined. If a single culture is followed, it is impossible to obtain more than 
a  few determinations (with 899 a), since the number  of M's is too small to deter- 
mine until the  total ceil concentration  reaches at  least  1  X  109, and  logarithmic 
growth does not continue much  beyond this concentration. The range  may be ex- 
tended,  however,  by  diluting the  sample  repeatedly as  soon  as  it reaches a  con- 
centration of about 1  X  109 cells/ml. By this means, the culture may be continued 
in logarithmic growth indefinitely. The method has the further advantage in that it 
furnishes samples for analysis, without  increasing the  volume of  the  original sus- 
pension. 
In  carrying out this type of experiment it is not possible to start with a  large 
volume of suspension, since the equilibrium ratio M/W  will be reached before there 
are enough M's present to determine. This difficulty cannot be avoided by increasing 
the initial number of W  cells, since if this is done, the chance of including an M  is 
0.7 
increased. The half-time to reach equilibrium is ~  so that the smaller the dif- 
ference in the growth rates the longer time is required before the constant ratio is 
arrived at. 
Determination of ~ by the Null Fraction Method~.  - 
It is evident from the definition of k  that the value of M  used must represent only 
those M's which have been derived from W's and not M's which are descendants 
of other M's. The former M's may be determined by adding terramycin to a  series 
of replicate tubes which have  been inoculated with  a  few wild ceils, and  then  al- 
lowed to grow up. 
The fraction of these tubes which fail to grow corrected by Poisson's ratio gives 
the average number of mutants which have appeared per sample during the time in- 
terval before the terramycin was added. This number divided by the total number of 
cells produced per sample during the same time interval is the average number  of 
M's produced per cell. This is the mutation frequency rate constant, 9% by definition. 
An example of an experiment carried out in this way is shown in Table II. 
The number of M's per sample determined in this way is not the average number 
of M's in the sample at the time the terramycin was added, since the latter figure 
will include those M's which grew from the original ones. 
This result may be seen from the experiment summarized in Table III. 
In this experiment 1 ml. of a  dilute suspension of B. megatherium  was placed in 
a series of tubes and allowed to grow up. Terramycin was added to part of the series 
at the beginning, and to part after the cell concentration had reached 1  ×  10L The 
number of tubes which continued to grow after the addition of the terramycin was 
2 This method is the same in principle as that described by Demerec (1946)  for 
use with solid media. 140  TE~CIN-KESISTANT  MUTANTS 
determined. No  tubes grew up when the terramycin was added at the beginning of 
the experiment. 
TABLE  H 
Mutation Rate by Null Fraction Method at Various Times and B. Concentrations 
899a in logarithmic growth diluted to (1  X  104)B/ml. 1 ml. in 60 tubes.  Shaken at 35  °. 
5 ml. YEP  -4- 4 5' terramycin/ml, added to 15 tubes as noted, and number of tubes which 
grow up in 20 hours noted. Total B/milliliter by turbidity on combined sample. 
B/ml.  1 X 104  8 X  lO6  3 X  107 
total 
Ratio, 
negative tubes ................. 
total 
2.3 log -- 
X  --  negative 
B/ml.  " ................. 
15 
15 
15 
13 
1.7 X  10  -s 
15 
10 
1.4  X  lO-S 
TABLE  III 
Determination of the Mutation  Rate of Terramycin-Resistant Mutants  by the Null Fraction 
Method 
899a in logarithmic growth in YEP diluted to (1 X  104)B/ml. 1 ml. in 70 test tubes. 5 X 
1 ml. plated for terramycin-resistant colonies. 
Tubes 1 to 20--5 ml. (YEP -t- 4 "y terramycin/ml.) added. 
Shaken 20 hours at 35  ° ............................. 
Tubes 21 to 70 grown up at 35  ° to (1  X  107)B/ml. 5 ml. 
(YEP -t- 4 5" terramycin/ml.) added to tubes 21 to 40, and 
the tubes shaken 20 hours at 35  °. .................... 
Tubes 41 to 70 mixed.  5  X  1 ml. plated for terramycin- 
resistant colonies. 1 ml. put in 20 tubes, 5 ml. (YEP -t- 
4 5' terramycin/ml.) added and the tubes shaken 20 hours 
at 35  ° . ..........................................  20/4 
I  Terramycin- 
resistant 
Ratk  Mutants  mutants/10SB 
total/  per sampk 
negati'  by Pois- 
tube,'  son's ratio  From  From 
1 ml.  [ colony  __t~ples  count 
20/21  0 
20/I'  O. 18  1.8 
1.6  16  18 
After the cells had grown up to (1  X  107)/ml., 3 tubes out of 20 grew up after the 
terramycin was added.  At least  1  terramycin-resistant mutant must have appeared 
in each of these tubes, in the time interval before the terramycin was added. 
In the same time 20  ×  107 cells had appeared in the whole series of 20 tubes  and 
the ratio of mutants to total cells, therefore, is 3/(20  ×  107).  (Poisson's ratio (2.3 log 
total/negative) gives a  more accurate value for the average number of mutants per 
tube,  and  must  be  used  if  the  ratio  of  positive  to  total  tubes  is  more  than  a 
few tenths.) jom-¢ H.  NORTm~Or  141 
After the samples have been mixed, and then redistributed,  16 out of 20 tubes 
grew up, corresponding to an average of 1.6 terramycin-resistant  mutants per sample 
or 16/108B. 
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